Abstract. ZnO nanoparticles were successfully synthesized by a simple precipitation method. The effect of growth temperature on the structural and optical properties of the resulting nanoparticles was investigated by transmission electron microscopy (TEM), ultraviolet-visible spectroscopy (UV-VIS) and photoluminescence (PL) spectroscopy. TEM images and selected area electron diffraction (SAED) pattern showed that the nanoparticles were polycrystalline ZnO having hexagonal wurtzite structure. The average size of the nanoparticles were 4.72nm to 7.61nm synthesized at room temperature to 80°C. This result is also consistent with the calculated sizes using effective-mass approximation model. From the optical absorption data, the band gap energy of nanoparticles blue-shifted due to the quantum confinement.
Introduction
Particles of semiconductor materials in nanoscale have recently gained much interest due to their unique physical and chemical properties, which are different from the bulk materials. Among these materials, ZnO nanoparticles have been consistently studied due to its several possible applications in sensors [1] , catalysis [2] , photovoltaics [3] [4] and piezoelectric transducers [5] , among others. ZnO is an n-type semiconductor with a direct wide band gap of 3.37 eV and a large exciton binding energy of about 60 meV at room temperature [6] . It also has a high absorption coefficient, good carrier mobility and flexible synthesis techniques. The properties of nanostructured ZnO depend strongly on its structural morphology and crystal size [7] . Thus, a deep understanding of these properties is necessary for fundamental study and utilization for commercial applications.
Various synthesis methods have already been developed for ZnO nanoparticles such as metal organic chemical vapor deposition (MOVCD) [8] , sol-gel [9] , flame spray pyrolysis [10] , thermal decomposition [11] and precipitation [12] . However, these methods require controlled reaction systems such as high temperature, high cost materials and complicated equipment [13] except for the precipitation route which offers a simple and economical method for large scale production. In this study, a simple precipitation method was utilized to synthesize ZnO nanoparticles. The effect of growth temperature to the structural and optical properties of the resulting nanoparticles was also examined using transmission electron microscope (TEM), (UV-VIS) and photoluminescence (PL) spectroscopy. 4 OH in ethanol was added dropwise at approximately 0.6 mL/min to 0.1M Zn(CH 3 CO 2 ) 2 •2H 2 O dissolved in DMSO under constant stirring. The nanoparticles were precipitated and washed twice by centrifugation for 30 min in ethyl acetate to eliminate excess reactants. After which the nanoparticles were redissolved in 3 ml ethanol for storage. The morphology and structure of ZnO nanoparticles were examined by transmission electron microscope (TEM, JEM-3100FEF) and selected area diffraction (SAED). For optical characterization, the UV-VIS transmittance and photoluminescence (PL) spectra were measured by JASCO V-530 and FP 750 spectrometer, respectively. Figure 1 shows the TEM images of ZnO nanocrystals formed at different temperatures. At room temperature, monodispersed ZnO nanocrystals with a mean diameter of 4.72nm were formed as seen in Figure 1 nanocrystals increased to about 5.24nm. As can be observed, the particles have started to agglomerate due to Oswald ripening process which could be induced by increasing supply of thermal energy. At higher temperatures of 60°C and 80°C, larger particles with mean diameters of 6.70 and 7.61nm developed, respectively, as seen in Figure 1(c) and 1(d) . When the growth temperature is increased the critical particle radius increased as well resulting to the disappearance of the smaller particles to supplement the growth of the larger ones [14] . 4 2-. As the reaction proceeded, Zn(OH) 4 2-is dehydrated into ZnO following crystal growth. Figure 2 shows the UV-VIS absorption spectra of the synthesized ZnO nanocrystals for different temperatures. As the reaction temperature is decreased, the characteristic absorption peaks of the synthesized ZnO nanocrystals blue-shifted from 3.54 to 3.71 eV due to quantum confinement effect. On the other hand, these energy band gap values can be used to calculate estimation of size variation from the absorption spectra through the effective mass approximation model [15] :
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where E g Bulk = 3.37 eV is the energy of band gap of the bulk ZnO, M is the effective mass, ħ is Planck's constant, R y *= 0.04 eV is the Rydberg's constant, D is the diameter of the nanoparticles and E g * is the energy band gap in eV that can be calculated from the excitonic absorption peak using Equation 6: The size values using the effective mass model are given in Table 1 . The results are in agreement with those measured using TEM having the same trend of increasing size as growth temperature is increased. Figure 3 shows the PL spectra of the ZnO nanoparticles at different temperatures. It has been well established that nanostructured ZnO with small size and defects demonstrates strong visible emission [17] attributed to defects such as oxygen (V o •• ) and zinc (Zn i '' ) interstitials. Here, only a strong visible emission can be observed at room temperature synthesis. At the same time large size and crystalline in nature nanoparticles exhibit stronger UV emission [16] which is related to a near band-edge transition of ZnO, specifically, the recombination of the free excitons. When the temperature is increased to 40°C and 60°C, both UV and visible emissions can be seen due to the development of larger particles in this temperature regime. Defects present decreased as the surface area of the nanoparticles increased due to Ostwald ripening. At reaction temperature of 80°C, only UV emission was observed and could indicate increased crystallinity of the nanoparticles. It should be noted that the emission peaks also red-shifted to higher wavelength supporting the earlier results of an increase in the diameter of the nanoparticles at higher temperatures. 
Summary
We demonstrated a simple precipitation method for the preparation of ZnO nanoparticles using zinc acetate and tetramethylammonium hydroxide as precursors. The particles were hexagonal ZnO with average sizes of 4.72-7.61nm for increasing reaction temperatures. This trend is consistent from calculations using effective mass approximation model. From absorption data, the band gap values blue-shifted to lower temperatures revealing quantum confinement at smaller diameters. These sizecontrolled properties of ZnO nanoparticles exhibit good utilization for various commercial applications.
